Abstract Ultraviolet (UV) light, a main cause of photoaging, leads to collapse of skin structure, resulting in wrinkle formation and dehydration. The present study assessed the anti-photoaging and moisturizing effects of Bouea macrophylla extract (BRE). UVB-irradiated hairless mice were orally administered with BME (300 mg/kg/day) for 8 weeks. BME ameliorated wrinkle formation, skin thickening, and inelasticity. BME upregulated COL1A1, COL3A1, COL4A1, and COL7A1 mRNA levels through activation of the transforming growth factor-b (TGF-b)/ Smad pathway, thereby recovering the content of collagen reduced by UVB. Further, BME suppressed UVB-induced matrix metalloproteinase (MMP)-3 and MMP-13 expression and inhibited MMP-2 and MMP-9 activity by mediating the mitogen-activated protein kinases (MAPKs)/ activator protein-1 (AP-1). BME improved moisture content by stimulating the expression of cornified envelope proteins and filaggrin-processing enzymes. Overall, the results show that BME prevents photoaging and promotes moisturization in UVB-irradiated hairless mice, suggesting its potential as a nutraceutical candidate for anti-photoaging and moisturizing effects.
Introduction
Skin aging, which results in roughness, dryness, sagging, and formation of wrinkles, is classified extrinsic or intrinsic aging [1] . Intrinsic aging is a part of the regular aging process, while extrinsic aging is promoted by chronic exposure to ultraviolet B (UVB) radiation. UVB irradiation causes various skin disorders, such as irregular pigmentation, sunburn, photoaging, and skin cancer [2] . UVB stimulates the production of reactive oxygen species (ROS), including hydroxyl radical, peroxides, superoxide, and singlet oxygen. A marked increase in ROS levels leads to collapse of cell structure and accumulation of oxidative stress in cells, resulting in photoaging [3] .
The stimulation of ROS formation induces the collapse of the extracellular matrix (ECM) components that provide biochemical support to the cell structure [4] . An increase in ROS levels stimulates mitogen-activated protein kinases (MAPKs), comprising extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 kinase. Stimulation of MAPKs leads to the upregulation of the activator protein-1 (AP-1) complex consisting of c-Jun and c-Fos [5, 6] . Increased AP-1 complex expression promotes matrix metalloproteinases (MMPs) expression, leading to degradation of various ECM components [7] . The AP-1 complex also downregulates procollagen type I synthesis via regulation of the transforming growth factor-b (TGFb)/Smad signaling pathway [8] . Smad7, stimulated by AP-1 complex, suppresses phosphorylation of Smad2/3, leading to the inactivation of the TGF-b/Smad signaling pathway [9] .
Nuclear factor-kappa B (NF-jB) controls cell survival and cytokine production. This protein generally exists in its inactive form with an inhibitory protein, known as inhibitor of nuclear factor kappa B kinase (IjB) subunit alpha.
However, excessive production of ROS stimulates the activation of IjB kinase, leading to NF-jB expression [10, 11] . Activated NF-jB induces the expression of proinflammatory cytokines, resulting in further oxidative damage.
MMPs are associated with tissue remodeling processes such as angiogenesis, morphogenesis, tissue repair, and metastasis [12] . Generally, MMPs degrade damaged structural proteins and facilitate the process of wound healing. UVB irradiation induces AP-1 complex expression, leading to excessive expression of MMPs, resulting in digestion of ECM components. Therefore, excessive expression of MMPs stimulates wrinkle formation and is considered a major target in prevention of wrinkle formation.
The stratum corneum (SC) is the outermost part of the epidermis and is composed of corneocytes, which are differentiated keratinocytes [13] . Corneocytes contain natural moisturizing factors (NMFs), which are generated by filaggrin processing and are surrounded by cornified envelope (CE) made up of envoplakin, involucrin, and periplakin [14] . NMFs contribute to skin hydration and formation of the CE, which plays a major role in skin barrier function. Thus, dysfunction of these two factors leads to adverse effects on skin hydration and barrier function.
Bouea macrophylla (marian plum) is an edible fruit cultivated widely in Indonesia, the Philippines, and Thailand. An antioxidant effect of Bouea macrophylla was evaluated previously [15] . Additionally, previous studies have reported that this antioxidant property is associated with an anti-photoaging effect [3, 16] . Thus, we hypothesized that Bouea macrophylla has anti-photoaging and moisturizing effects. In this study, we evaluated the effects of Bouea macrophylla ethanol extract (BME) on prevention of photoaging and enhancement of skin barrier function in UVB-irradiated hairless mice.
Materials and methods
Preparation of BME Dried fruits of Bouea macrophylla obtained from Klong Toey Market (Bangkok, Thailand) were stored in the Department of Biotechnology, Yonsei University (Seoul, Korea). The dried fruits were powdered and soaked in 95% ethanol for 3 h at 37°C. Bouea macrophylla filtrate was evaporated using a rotary evaporator (Heidolph, Schwabach, Germany) to obtain BME.
Animal experiment
Five-week-old female albino hairless mice (SKH-1) were purchased from Daehan Biolink Ltd. (Eumsung, Korea). The mice were housed in conditions of 55 ± 10% humidity, 12-h day/night cycles, and a temperature of 23 ± 2°C at Yonsei Laboratory Animal Research Center (Seoul, Korea). All experimental protocols were approved by the Institutional Animal Care and Use Committee of Yonsei University (Permit #: 201509-471-03). The mice were then randomly divided into three groups: control group (normal), UVB-irradiated group (UVB), and UVBirradiated and 300 mg/kg/day BME-treated group (UVB ? BME). The BME-treated group was orally administered BME daily, with exposure to UVB radiation three times a week on the dorsal section of the body for 8 weeks. The experiment was performed as previously described [17] . Dorsal sections of sacrificed mice were promptly soaked in liquid nitrogen and kept at -80°C in an Ultralow Temperature Freezer (NuAire, Plymouth, MN, USA).
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was isolated from dorsal skin tissue using Trizol reagent (Invitrogen, Carlsbad, CA, USA), and cDNA was obtained with Reverse Transcription Premix (Elpis-Biotech., Inc., Daejeon, Korea). The cDNA was amplified with primer pairs (Bioneer, Daejeon, Korea) and HiPi PCR Premix (Elpis-Biotech). The following primers were used: catalase (forward, 5 0 -GGT GCC CCC AAC TAT TAC CC-3 0 ; reverse, 5 . Polymerase chain reaction (PCR) was performed with a Gene Amp PCR System 2700 (Applied Biosystems, Foster City, CA, USA). The products were separated by 1.5% agarose gel electrophoresis and detected with G-BOX EF imaging system (Syngene, Cambridge, UK) using loading star (Dyne Bio, Seoul, Korea). Relative band expression was measured by ImageJ (National Institute of Health, Bethesda, MD, USA).
Western blot analysis
Total homogenized dorsal skin tissues were analyzed by western blot according to previously described method [17] . The primary antibodies against MMP-3, MMP-13, catalase, NF-jB, p-ERK, t-ERK, p-JNK, t-JNK, p-p38, t-p38, p-c-Jun, t-c-Jun, c-Fos, TGF-b, Smad2/3, Smad7, LOR, INV, TGM, FLG, prostasin (PRSS), matriptase (MTSP), CASP14 (1:1000 dilution; Santa Cruz Biotechnology Inc.), and a-tubulin (1:1000 dilution, Cell Signaling, Beverly, MA, USA) were used for detection. Horseradish peroxidase-linked secondary antibodies (Bethyl Laboratories, Montgomery, TX, USA) were used for visualizing the blotted membrane and detected using ECL detection solution (GE Healthcare, Uppsala, Sweden) and the G:BOX Image Analysis System (Syngene).
Gelatin zymography assay
Activity of MMP-2 and MMP-9 was estimated by gelatin zymography assay. Gelatin zymography was carried out as previously described [18] . After staining, the gel was destained with 10% acetic acid and 30% methanol. MMP-2 (72 kDa) and MMP-9 (92 kDa) were detected by the G:BOX Image Analysis system (Syngene).
Hydroxyproline analysis
Hydroxyproline content in dorsal skin tissues was estimated by the chemical colorimetric method using a commercial hydroxyproline assay kit (Quickenzyme Bioscience, Leiden, Netherlands) according to the manufacturer's instructions.
Morphological and histopathological observation
Histological changes in skin were observed with Visioline VL650 (CK Electronics GmbH, Cologne, Germany) and Replica (Epigem, Seoul, Korea). Before sacrifice, a caliper (Ozaki MFG Co., Ltd., Tokyo, Japan) was used for measuring skinfold thickness. Elasticity of the skin was determined using a Cutometer Ò MPA580 (CK Electronics GmbH). Fixed dorsal skins were stained with hematoxylin and eosin, Masson's trichrome, and Verhoeff's stain. The stained sections were visualized using an Eclipse TE2000U Inverted Microscope with twin CCD cameras (Nikon, Tokyo, Japan).
Evaluation of skin hydration and transepidermal water loss (TEWL)
Skin hydration was measured with a Corneometer Ò 825 (Khazaka Electronic, Köln, Germany), and TEWL as a marker of epidermal skin barrier function was measured by Tewameter Ò TM300 (Khazaka Electronic), which was mounted on a Multi Probe Adapter Ò MPA5 (CK Electronics GmbH).
Statistical analysis
Each experiment was performed in triplicate. Data are represented as the mean ± standard deviation (SD). Differences between groups were assessed by analysis of variance (ANOVA) followed by a Scheff's test or Student's t test using IBM SPSS Statistics 23 software (SPSS, Chicago, IL, USA).
## p \ 0.01, *p \ 0.05, and **p \ 0.01 were considered statistically significant.
Results and discussion
The effects of BME on wrinkle formation, skinfold thickness, and elasticity UVB-irradiated skin is characterized by symptoms such as wrinkle formation, erythema, skin dehydration, skin thickening, and elastosis [19] . Wrinkle formation, which is considered a noticeable feature of photoaging, results from the destruction of ECM components such as fibronectin, collagen, and gelatin [20] . This study evaluated whether BME protected against UVB-induced photoaging by assaying wrinkle formation, skinfold thickness, and elasticity in hairless mice. UVB irradiation induced coarse and deep wrinkle formation in the dorsal skin of hairless mice. In contrast, BME significantly downregulated UVB-induced wrinkle parameters, which showed decreases in wrinkle area, depth, length, and number by 59.6, 37.8, 35.5, and 28.2%, respectively, compared to the values obtained for the UVB-irradiated group [ Fig. 1(A) ]. UVB irradiation increases skinfold thickness by stimulating excessive proliferation of keratinocytes; this is known as hyperplasia and is a crucial factor in inducing wrinkle formation [21] .
Elastosis (abnormal structure of elastic fibers) decreases elasticity of the skin and is closely related to the early processes of wrinkle formation [22] . In this study, compared to the UVB-irradiated group, the BME-treated group not only showed effective suppression of skin thickening, but also showed inhibition of accumulation of abnormal elastic fibers, thereby showing inhibition of a decrease in skin elasticity [ Fig. 1(B), (C) ]. Thus, these data demonstrate that BME suppresses the early process of wrinkle formation through inhibition of skin thickening and the abnormal structure of elastic fibers, indicating that BME has a preventive effect against photoaging symptoms.
The effects of BME on catalase and NF-jB expression Inflammation and oxidative stress are involved in UVBinduced skin photodamage [23] . Increased oxidative stress by UVB plays a central role in photoaging through activation of MAPKs and NF-jB, a main protein for inflammation [5, 6, 23] . Increasing the expression or activation of catalase, an anti-oxidant enzyme, is a major strategy to protect skin against photo-oxidative stress [22] . Activated NF-jB stimulates release of proinflammatory cytokines, including interleukin-6 and interleukin-8, which induce MMPs expression [24] . The mRNA and protein levels of catalase increased in the BME-treated group compared to those in the UVB-irradiated group, indicating that BME may contribute to reduction of oxidative stress [ Fig. 2(A) ]. BME treatment effectively reduced the expression of NFjB in UVB-irradiated hairless mice [ Fig. 2(B) ]. Therefore, these results demonstrate that BME upregulates catalase and downregulates NF-jB expression, suggesting that BME suppresses wrinkle formation and skin thickening.
The effects of BME on collagen synthesis and the TGF-b/Smad signaling pathway Collagen is a major constituent of dermis and plays as important role in wrinkle formation [25] . Type I collagen and type III collagen are located in the ECM and connective tissue and are the most abundant types of collagen. Type IV collagen is only found in basement membranes, and together with type VII collagen, plays a major role in dermal-epidermal adhesion [26] . In the present study, the mRNA expression levels of COL1A1, COL3A1, COL4A1, and COL7A1 were decreased in UVB-irradiated mice, while BME remarkably elevated the expression levels of these collagen synthesis genes in UVB-irradiated mice UVB-irradiated group); **p \ 0.01 (UVB-irradiated group vs. BMEtreated group) [ Fig. 3(A) ]. The upregulation of collagen synthesis gene expression leads to an increase in hydroxyproline content, which is considered an indicator of collagen fiber [27] . This study showed that hydroxyproline content was markedly increased by BME treatment [ Fig. 3(B) ].
TGF-b binds to its receptor, leading to activation of Smad2/3 and thereby stimulating procollagen type I synthesis. Smad7 acts as an antagonist of the TGF-b/Smad signaling pathway by inhibiting activation of Smad2/3 [8] . In this study, the protein expression levels of TGF-b and Smad2/3 were increased by BME treatment, while Smad7 was suppressed in dorsal skin tissue of BME-treated hairless mice [ Fig. 3(C) ]. These results suggest that the antioxidant effect of BME effectively increases UVB-induced downregulation of collagen synthesis genes and activates TGF-b/Smad signaling pathway, subsequently increasing collagen contents. However, whether BME directly mediates the interaction of TGF-b/Smad signaling pathway and collagen synthesis gene expression remains to be elucidated.
The effects of BME on MMPs expression and the MAPK/AP-1 signaling pathway MMPs accelerate wrinkle formation in response to degradation of collagen, gelatin, and other ECM components [28] . In this study, UVB irradiation increased the activity of MMP-2 and MMP-9 in dorsal skin tissue of hairless mice, while BME treatment effectively decreased the activity of these MMPs, compared to that in the UVBirradiated group [ Fig. 4(A) ]. Gelatinases (MMP-2 and MMP-9) digest type IV collagen (which plays an important role in epidermal-dermal adhesion) and gelatin [29] . Furthermore, MMP-3 digests a large number of ECM components and promotes other pro-MMPs activation [30] . In this study, BME dramatically reduced the mRNA and Anti-photoaging and moisturizing effects of BME 155
protein expression levels of MMP-3 and MMP-13 in dorsal skin tissue of UVB-irradiated hairless mice [ Fig. 4 (B), (C)], These results suggest that BME prevents destruction of skin structure through regulation of MMPs expression. MMPs expression and secretion are regulated through mediation of the MAPKs/AP-1 complex signaling pathway [28] . Excessive oxidative stress induces activation of MAPKs signaling components, which leads to phosphorylation of JNK. The activated JNK stimulates protein expression of c-Fos and phosphorylation of c-Jun, leading to the formation of the AP-1 complex [31] . In the present study, UVB-induced phosphorylation of MAPK components such as ERK, JNK, and p-38 was inhibited by BME treatment in dorsal skin tissue of hairless mice [ Fig. 5(A) ]. BME also downregulated protein level of the AP-1 complex by suppressing JNK phosphorylation [ Fig. 5(B) ]. Thus, the anti-oxidant effect of BME effectively downregulates UVB-induced MMPs expression via inactivating the MAPKs/AP-1 signaling pathway. Further study is needed to elucidate whether BME directly disturbs the interaction of MAPK/AP-1 and MMP expression.
The effect of BME on CE formation Terminally-differentiated keratinocytes are known as corneocytes, which are responsible for CE formation and NMF production [13] . The CE is formed by the crosslinkage of various proteins, such as loricrin and involucrin. Loricrin is the main component of the CE (80% of the protein mass) and involucrin plays a role early in the formation of the CE [32] . In this study, BME treatment significantly increased the expression levels of loricrin and involucrin in UVB-irradiated hairless mice [ Fig. 6(A) ]. Transglutaminase is involved in CE formation through stimulation of cross-linkage between loricrin and involucrin [33] . This study showed that the protein expression level of transglutaminase was downregulated in the UVBirradiated group, while BME upregulated the expression of this protein [ Fig. 6(A) ]. The TEWL value (which indicates water loss in epidermis) decreased by 29.0% through stimulation of the CE formation [ Fig. 6(B) ]. Thus, these data suggest that BME is effective in alleviating skin dehydration in response to enhancement of CE formation.
The effects of BME on filaggrin formation and degradation
The decomposition of filaggrin by caspase-14 produces NMF, a crucial factor for moisturization [34] . In the present study, BME treatment stimulated the expression of filaggrin and caspase-14 in UVB-irradiated hairless mice [ Fig. 6(C) ]. Profilaggrin is degraded into filaggrin by profilaggrin degradation enzymes such as matriptase and prostasin [35] . The protein expression levels of matriptase and prostasin were enhanced by BME treatment in UVBinduced hairless mice [ Fig. 6(D) ]. In addition, the chronically UVB-irradiated dorsal skin of hairless mice showed a 60% decrease in skin hydration level compared to that of the normal group, while BME increased skin hydration level by 30.5%, compared to that in the UVB-irradiated group [ Fig. 6(E) ]. These data demonstrate that BME stimulates filaggrin formation by upregulating profilaggrin degradation enzymes and enhances NMF by stimulating caspase-14, suggesting that BME enhances the water retention of the skin. Previous studies have revealed that the activation of Smad2/3 or the inhibition of ERK and JNK, members of MAPKs, stimulated keratinocyte differentiation required for CE formation and skin hydration [36, 37] . The activated TGF-b/Smad signaling, inactivated MAPK/AP-1 signaling, or the combination of both signaling pathways were also involved in the moisturizing effect of BME in UVB-induced skin in mice.
Taken together, this study is the first to demonstrate that BME prevents wrinkle formation in UVB-irradiated hairless mice by downregulating the MAPKs/AP-1 complex signaling pathway, which regulates MMPs expression. BME increased the mRNA expression of collagen and stimulated the TGF-b/Smad signaling pathway in response to regulation of the AP-1 complex, leading to an increase in collagen content in dermis. Moreover, BME moisturizes skin by stimulating CE formation and filaggrin processing. Thus, Bouea macrophylla may be a potential anti-photoaging and moisturizing ingredient in skin functional foods. Further clinical research is required to determine whether BME is clinically effective as a natural anti-photoaging and moisturizing supplement.
